Abstract: Monomeric thiol surfactants, [C n H 2n+1 N(CH 3 ) 2 CH 2 CH 2 SH]Br, were produced by the cleavage of gemini surfactant containing a disulfide bond in the spacer chain, [C n H 2n+1 N(CH 3 ) 2 CH 2 CH 2 SSCH 2 CH 2 N(CH 3 ) 2 C n H 2n+1 ]2Br. The disulfide bond was completely reduced by the addition of four times moles of dithiothreitol in water at room temperature. The critical micelle concentrations of monomeric surfactants were significantly increased in comparison with original gemini surfactants. The monomeric thiol surfactants were stable in the presence of dithiothreitol, whereas they returned gradually to their original gemini surfactants within several days due to air oxidation in water without dithiothreitol. The micelle formation induced by the disulfide linkage formation was suggested by the fluorescence intensity ratio of pyrene. The time course of decrease in thiol concentration associated with the recovery of gemini surfactants was confirmed by the absorption spectra utilizing the reactions with 4,4'-dithiopyridine.
INTRODUCTION
Gemini surfactant usually possesses two hydrophobic chains and two polar groups linked with a spacer chain 1) . The gemini surfactants have remarkably low cmc values compared with corresponding surfactants of equivalent chain length 2) . If we could cleave the spacer chain of gemini surfactant above the cmc, the micelles would dissociate into monomers. This behavior would be applicable to the release of solubilized substances in gemini micelles. The controlled release of entrapped drugs has been attempted by electrochemical and photochemical switching 3, 4) . For example, the reversible micelle formation was performed by the redox switchable 11-ferrocenylundecyltrimethylammonium bromide. The control of vesicle stability was also investigated by the light irradiation for photoisomerization surfactant, etc. The changes in the hydrophobic and hydrophilic balances could disrupt the surfactant aggregation resulting in the release of entrapped drugs.
Disulfide bonds are known to undergo the bond cleavage upon reduction producing the thiol groups 5) . We intend to introduce a disulfide bond into the spacer chain of gemini surfactant in order to use the disulfide bond as a chemical switch. The transformation from the gemini to monomeric surfactants would be performed by the addition of dithiothreitol, which is commonly used to cleave the disulfide bond into free thiols. Subsequently, the produced monomeric thiol surfactants can be expected to return to the original geminis by the formation of disulfide when exposed to air 6) . That is to say, we can control the surfactant aggregation leading to the controlled release of the solubilized substances in the geminis micelles.
In this work, we prepared gemini surfactants containing a disulfide bond as a chemically cleavable spacer chain. The cleavage of the disulfide bond under mild conditions was attempted. The variations in properties of the aqueous solution associated with the cleavage of the spacer chain were examined by several experimental methods, i.e., surface tension, conductivity, and fluorescence probe methods. Then, we examined whether the cleaved thiol surfactants revert in part to give its original gemini surfactants at ordinary temperature. The reversible conversion between gemini and monomeric surfactants was checked by pyrene fluorescence and quantitative analysis of thiol concentration.
EXPERIMENTAL

1
Bis[N-alkyl-N,N-dimethyl-N-(2-mercaptoethyl)ammonium bromide] disulfide (C n SSC n ) was prepared as shown in . Bis [2- (N,N-dimethylaminoethyl)] disulfide dihydrochloride (Wako Pure Chemical Industries, Ltd.) was mixed with twice moles of sodium ethoxide in ethanol. After the removal of precipitated NaCl, the solution was stirred with 2.2 times moles of 1-bromoalkane at 40 for 2 days. After the evaporation of ethanol, the products were washed with acetone and were purified by repeated recrystallization from acetone-ethanol mixtures. C 12 H 25 N(CH 3 ) 3 Br (DTAB) and [C 12 H 25 N(CH 3 ) 2 (CH 2 ) 6 N(CH 3 ) 2 C 12 H 25 ]2Br (C 12 -6-C 12 ) were purified by a similar procedure to that reported previously 7, 8) . The surfactants were analyzed by TSKgel ODS-100V (TOSOH Co.) column using methanol / 30 mM sodium 1-octanesulfonate mixtures as eluting solutions. The elutions of surfactants were monitored by CM-8010 (TOSOH Co.) electrical conductivity detector.
The cleavage of disulfide bond was performed by the addition of dithiothreitol (DTT, Wako Pure Chemical Industries, Ltd.) in water at room temperature. The added amount of DTT was four times moles of C n SSC n , which was enough to complete the reductive cleavage of disulfide bond with the reduction. [C 14 H 29 N(CH 3 ) 2 CH 2 CH 2 SH]Br (C 14 SH) was isolated by precipitating from the aqueous solutions of 3 mM C 14 SSC 14 in the presence of 12 mM DTT.
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The surface tension was measured by Wilhelmy technique using a surface tensiometer, Model A-3 (Kyowa Kagaku) 9) . The conductivity measurements of aqueous surfactant solutions were carried out using a conductivity meter, Model DS-12 (HORIBA) 10) . The fluorescence spectra of pyrene (Aldrich Chemical Co.) were measured in the range from 350 nm to 450 nm after the excitation at 335 nm using a Hitachi F-3010 spectrophotometer 10) . The spectrophotometric determination of thiol concentration was performed by the reaction with 4,4'-dithiopyridine (Tokyo Kasei Kogyo Co. Ltd.) 11) . The aerated aqueous solution of 0.5 mM C 14 SH was incubated at 25 . At various incubation times, 0.5 ml portions of 0.5 mM C 14 SH solution were mixed with 2.5 ml of 0.1 mM 4,4'-dithiopyridine aqueous solution. After standing for 30min, the absorption spectra were recorded on a Perkin-Elmer spectrometer. All measurements were performed at 25 .
RESULTS AND DISCUSSION
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We have prepared gemini surfactants containing a disulfide bond at the center of the spacer chain between the ammonium headgroups in order that the bond cleavage upon reduction produces identical monomeric surfactants. The aqueous solution properties characteristic of gemini surfactants containing a disulfide bond can become apparent by comparing with the representative gemini surfactants, alkanediyl-a,w-(dimethylalkylammonium bromide), C n -m-C n 12) . Those of monomeric thiol surfactants will also become apparent by comparing with the well-known alkyltrimethylammonium bromides. To begin with, we examined the cleavage of the disulfide bond in the spacer chain of the gemini surfactants. The disulfide bond can be cleaved by the thiol-disulfide exchange or the reduction using sodium borohydride, NaBH 4 . The thiol-disulfide exchange using dithiothreitol is commonly used to cleave the disulfide bond into free thiols 13) . We confirmed by the HPLC analysis that the disulfide bond was completely reduced by the addition of four times moles of dithiothreitol(DTT) in water at room temperature. According to the HPLC analysis, the peak of cleaved thiol surfactant (C 12 SH) was detected at the elution time of 3.5 min concomitantly with the disappearance of C 12 SSC 12 peak at 6.5 min by the HPLC analysis. The reduction using NaBH 4 aqueous solutions was also effective to cleave the disulfide bond, but the presence of inorganic salt influenced the properties of surfactant aqueous solutions.
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We examined the aqueous solution properties of thiol 
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surfactants in the presence of DTT. shows the surface tensions for aqueous solutions of C 12 SH, C 12 SSC 12 , C 12 -6-C 12 , and DTAB against the logarithm of surfactant concentration. The surface tension curve around the cmc shows that the purity of the new gemini surfactant containing a disulfide bond is satisfactory. The absence of monomeric surfactant in the C 12 SSC 12 sample was also confirmed by the HPLC analysis. The surface tension method shows that the cmc of C 12 SSC 12 is 0.76 mM, whereas that of C 12 SH significantly increases up to 9.0 mM. That is, about 12 times larger cmc of monomeric surfactant is similar in magnitude to the relation between C 12 -6-C 12 and DTAB. The surface tensions (g cmc ) of C 12 SSC 12 and C 12 SH above their cmc were 37.7 and 35.9 mNm -1 , respectively, that is, C 12 SH is somewhat surface active than C 12 SSC 12 . The minimum surface area per surfactant was calculated by the Gibbs equation using n=3 for gemini surfactants, although some researchers used n=2 by arguing that one counter ion associates with one ionic head group for bis(quaternary ammonium) surfactant 14, 15) . ). The surface area per alkyl chain at the air-water interface was somewhat decreased by the cleavage of the spacer chain. This suggests that somewhat closer packing will be attained by cleaving the stretched spacer chain at the airwater interface. Generally the cross sectional area of head group will determine the surface area per surfactant at the air-water interface. In spite of the presence of bulky ethanethiol group as compared with methyl group, the surface area of C 12 SH was smaller than that of DTAB (0.47 nm 2 molecule -1 ). The closer packing of C 12 SH at the airwater interface resulted in the lower g cmc compared with DTAB.
In the field of protein chemistry, the disulfide bond is known to be stable and provide the structural stability for protein. The disulfide bond usually exists in the inside of protein because the sulfur atom may act as a hydrophobic group similarly to methylene group 16) . The effect of sulfur introduction into the spacer of gemini surfactant was reported in detail, according to which the bridge by sulfur resulted in more lipophilic nature 17) . By surface tension method, [C 12 16) . They suggested that diethyldisulfide have a repulsive interaction toward water as well as methanol. Thus we can speculate that the distance of diethyldisulfide spacer chain can become shortened avoiding contact with water, whereas hexamethylene spacer chain will be lying in contact with water at the air-water interface as reported previously 18) . This could result in the lower a and g cmc of C 12 SSC 12 compared with C 12 -6-C 12 .
The conductivity method was also used to examine for the differences in aqueous solution properties between disulfide linked gemini and monomeric thiol surfactants.
shows the conductivity curves for aqueous solutions of C 12 SH and C 12 SSC 12 against the surfactant concentration. For the aqueous solutions of C 12 SH, it should be noted that each solution contains DTT by 4-fold concentration of C 12 SH. DTT is a strong reducing reagent with the formation of stable cyclic disulfide as shown in . The mixed disulfide products are negligible as confirmed by HPLC analysis. The stable cyclic disulfide is not surface active, and is not ionic conducting species 5) . We checked that the cmc values of alkyltrimethylammonium bromides were unaffected by the presence of DTT. The cmc of C 12 SH was 9.7 mM, which was about 13 times of 0.73 mM for C 12 SSC 12 . The significant difference in cmc between monomeric and gemini surfactants is in accord with the results of surface tension method. It also agreed with that the cmc of monomeric surfactant is more than ten times higher than that of the gemini surfactant. The molar conductivity curves against C 1/2 were presented in . No premicellar aggregation may occur judging from the linear behavior of the plots below the cmc. Since the equivalent conductivities of a small aggregate of surfactant ions is larger than the sum of the equivalent conductivities of the ions constituting it 12) , the vs C 1/2 plot should show a maximum below the cmc if premicellar aggregates are formed. The cmc value of C 12 SH was meaningfully low compared with 14.6 mM of DTAB. Zana reported the effect of side alkyl chain on cmc of dodecyldimethylalkylammonium bromides 19) . They indicated that the side alkyl chain started to join into the micellar hydrophobic core when the carbon number was beyond three. This suggests that the ethanethiol group may not be incorporated into the micellar hydrophobic core. However, the thiol group could be advantageous for micelle formation because of the ability to form a weak hydrogen bond with neighboring surfactant molecules in the micellar palisade layer 20) . This situation may result in the lower cmc of C 12 SH compared with DTAB. The micellar ionization degree (a) is known to be given by the ratio of slopes for above and below the cmc in the conductivity curve as shown in 21) . The a value of C 12 SH was 0.33, which is larger than 0.24 of DTAB. The increase in a value is in fair agreement with the experimental a for dodecyldimethyl -propylammonium bromides. The bulky head group such as ethanethiol would decrease the surface charge density of the micelles, leading to the increase in counter ion dissociation.
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Next, we focused on the microscopic aspect of micelles formed from the thiol surfactant. The fluorescence intensity ratio of the first and third vibronic peaks of pyrene has been known to be sensitive to the solvent polarity in the solubilization site 22) .
shows the variation of I 1 /I 3 values against surfactant concentrations of C 12 SSC 12 and C 12 SH. The I 1 /I 3 values significantly decreased with the progression of the solubilization of pyrene molecules into the micelles. The I 1 /I 3 value of C 12 SH above cmc became 1.42, which was almost identical to 1.44 of DTAB. This means that the I 1 /I 3 value in micelles of quaternary ammonium-type cationic surfactants was almost unaffected by the existence of bulky ethanethiol group. The solubilization site of pyrene in DTAB micelles was shown to be around head groups, where pyrene molecules interact with trimethylammonium groups 23) . Thus the obtained I 1 /I 3 values became rather high in comparison with anionic dodecylsulfate micelles. The micropolarity observed for the present system suggests that the solubilization site of pyrene will be close to the micellar surface on time-averaged basis. The ethanethiol groups could be embedded in the micellar palisade layer, but contribute to the increase in micellar ionization degree, which causes the enhanced contact with water. The compensated effect may result in similar I 1 /I 3 values for C 12 SH and DTAB micelles. The cmc values determined by pyrene solubilization method are in fair agreement with those by the conductivity methods. The data of cmc, surface area per surfactant, micellar ionization degree, and micellar micropolarity are summarized in .
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It should be noted that the data of C 12 SH were obtained in the presence of DTT because the thiol surfactants were only stable in the presence of DTT. We found by HPLC analysis that the thiol surfactants in aerated solutions returned gradually to their original gemini surfactants.
This situation promoted us to investigate the reversible behavior of micelle formation. The thiol group is known to form a disulfide bond by a mild oxidizing agent such as iodine 24) . Our HPLC analysis indicated that the formation of disulfide bond was also observed simply by exposing to atmospheric oxygen in solutions. We have tried to isolate C n SH from C n SSC n solutions. It was convenient to obtain C 14 SH crystals because the Krafft temperature was 40 . The C 14 SH crystals were isolated by precipitation from the aqueous solutions of 3 mM C 14 SSC 14 in the presence of 12 mM DTT. The determination of thiol group was performed by the reaction of 4,4'-dithiodipyridine with thiols producing 4-thiopyridone. The UV absorption of produced 4-thiopyridone appeared at around 324 nm as shown in . The absorption at 324 nm significantly decreased after 24 hours.
shows that the thiol concentration gradually decreased and became almost zero within 4 days in the aerated aqueous solution of 0.5 mM C 14 SH at 25 . The monomeric surfactants, C 14 SH, gradually reverted into gemini surfactants, C 14 SSC 14 , by the formation of disulfide linkage. The concentration of generated C 14 SSC 14 becomes 0.25 mM, which is higher than the cmc of C 14 SSC 14 , 0.11 mM. That is, micelles will become to appear in the aqueous solution after standing for several days.
The micelle formation can be detected by the pyrene fluorescence method. The association process was monitored by the fluorescence intensity ratios of pyrene. shows the time-course of I 1 /I 3 values for 0.5 mM C 14 SH aqueous solution in the absence and presence of 2 mM DTT. The I 1 /I 3 values were almost constant but slightly decreased in the presence of DTT. On the other hand, the I 1 /I 3 values decreased and became almost constant of 1.43 after 24 hours in the absence of DTT, which corresponds to the micropolarity of C 14 SSC 14 micelles. This demonstrates that pyrene molecules were solubilized in the micelles formed from C 14 SSC 14 . Moreover, the conversion from C 14 SH to C 14 SSC 14 is reflected in the surface tension of the solution.
shows the surface tension of C 14 SH aqueous solutions below the cmc. It can be seen that the surface tension (55 mNm -1 ) of 0.5 mM C 14 SH aqueous solution decreases to 38 mNm -1 as a result of the formation of C 14 SSC 14 .
CONCLUSION
We succeeded in preparing gemini surfactants with chemically cleavable spacer chain. The cleaved monomeric surfactants reverted to the original gemini surfactants just in the aerated aqueous solution. The capture and release of pyrene can be attained by the control of micelle formation.
The surface tension of aqueous solution can also be controlled by the cleavage and linkage of spacer chain under mild conditions. The reversibility between monomeric and gemini surfactants will be useful in applying to controlled release of entrapped substances. 
